Genome wide association studies are becoming an increasingly effective tool for identifying genetic factors contributing to complex diseases. In this review, I discuss two sets of genome-wide association studies that identified novel genetic factors for age-related macular degeneration and genetic factors for type II diabetes. In reviewing these sets of studies, my goal is to identify factors that contributed to the success of these studies. Design related factors include the selection of traits that show strong familiality, the selection of clinically homogeneous populations, and selecting cases that have a family history. Ethnic stratification within the study sample can lead to biases and methods to control for stratification are briefly reviewed. Finally, the impact of SNP selection on the power of a study and procedures for improving power by inferring genotypes, by combining data across studies and by performing multistage analyses are discussed. The continuing success of genome-wide association studies depends upon careful selection of populations for study and on collaborative analytical approaches. 
Introduction.
The genome-wide association study (GWAS) is an an increasingly popular approach for identifying genetic factors influencing common, complex diseases. The popularity of this approach reflects the major advances in technology for highthroughput genetic analysis which is now associated with very low error rates and very low per-single nucleotide polymorphism (SNP) genotype costs. Collecting data and samples from individuals for association studies is generally much easier than the collection of families. In addition, ongoing epidemiological studies have often already assembled large case-control and cohort populations, which are then available for genetic analysis. Despite many positive factors that are promoting the application of association studies, costs for these studies still remain very high because usually a very large number of subjects need to be studied. The large number of subjects is needed because associations between SNPs and causal variants are expected to show low odds ratios, typically below 1.5. In addition, in order to obtain a reliable signal, given the very large number of tests that are required, associations must either show a high level of significance or replicate in multiple studies or both.
Several approaches have been proposed to control the costs of genome-wide association studies. Methods that can be applied include pooling of case and control populations, application of two and multistage designs and the sharing of controls across populations. While these approaches can reduce costs and in some cases dramatically, they also are only optimal under certain restrictive conditions. On the other hand, careful consideration of epidemiological and genetic characteristics of the study population can increase the power or reduce costs under a variety of conditions. Therefore, in this review I emphasize features of the study population that increase power. Features that can improve power include selection of cases because of a family history of disease, restriction to genetically homogeneous subsets, the inclusion of quantitative factors, and the choice of SNPs.
The application of whole-genome association analysis in the study of large collections of cases and controls can provide novel insights into the etiology of complex diseases. The agnostic-genome wide approach has played a key role in understanding the genetic basis of many rare genetic diseases. Often prior to the discovery of the underlying genetic factors for a disease, the causal mechanisms were unknown. For example, the discoveries of BRCA1 and BRCA2 (1) as causal factors for familial breast cancer and Merlin (2), the causal factor for NF2, led to fundamental changes in the understanding of biological mechanisms for these diseases, which could not have been predicted a priori. In the study of more complex diseases, it seems likely that aside from the discovery of novel pathways that cause diseases, complex interactions may also be required for disease causation. Large collections of cases and controls are needed to characterize joint effects from multiple loci.
In order to provide a more empirically-driven review of the literature, I have chosen to evaluate several recent publicatons that have successfully applied genome-wide association analyses to identify genetic factors for complex diseases. From these case studies, I have extracted details that provide insights into further design of successful GWAS. While theoretical population genetic arguments have played a key role in encouraging the use of GWAS, many of the specific pressures from human evolution that affect the power of GWAS, such as effects from recurrent mutations and positive or negative selective pressure on specific loci are unknown. For some populations such as the admixed populations of the New World, studies can be developed to specifically take advantage of the impact that recent events in human history have had upon the genetic architecture of these populations.
Case Study 1. The identification of Complement Factor H as a causal factor for Age-related Macular Degeneration.
Three reports in 2005 identified Complement Factor H (CFH) as a causal factor for age-related macular degeneration (AMD) (3) (4) (5) . Results of these studies clearly indicated that CFH plays a key role in the etiology of AMD degeneration, a disease that is influenced by multiple environmental factors such as obesity and smoking, and that otherwise appears complex in etiology. The development of AMD results from the accumulation of drusen, which can be measured in a semiquantitative fashion as the area of the retina affected. While the development of drusen in affected subjects appears to reflect in part an inflammatory process, CFH was only one of very many potential candidates genes for AMD.
The three manuscripts applied a comprehensive set of approaches to identify CFH as a causal factor for AMD. Klein et al., (3) used an agnostic, genome-wide association study approach. This approach would provide a comprehensive view of the impact that common variants have upon disease risk, if all causal loci were in perfect linkage disequilibrium with at least one of the SNPs being genotyped. When linkage disequilibrium is not perfect, power to detect associations can be variable. Linkage disequilibrium indicates the association between alleles at two loci. For diallelic loci, let the first locus have alleles A and a and let the second locus have alleles B and b. A haplotype is the pair of alleles that were derived from a common ancestor, or a pair of alleles that are physically located on the same chromosome. We let P AB be the haplotype frequency for the AB haplotype in a population of interest, and P A and P B be the A and B allele frequencies. Then the unstandardized measure of disequilibrium, D, is P AB -P A P B . The range of D depends upon the allele frequencies so it is usually standardized (6). D' gives insight into the conservation of ancestral haplotypes over time. For association studies, the measure R 2 =D 2 /P A P B P a P b is a preferred as it relates directly to the correlation between the alleles at the two loci. If a SNP is used as a surrogate for a causal allele then the sample size required to detect an association increases proportionally to 1/ R 2 . Because causal SNPs are usually unknown and there are more SNPs than can be genotyped with current platforms, GWAS like that performed by Klein et al. (3) , query SNPs that have been selected to be relatively common (usually with minor allele frequencies > 5%) and that are maximally correlated with SNPs that have been identified through the ongoing efforts of the International HapMap project (7) (8) . The actual value of R 2 is also influenced by the allele frequencies at the two loci under consideration. Letting A denote the locus with the rarer minor allele, the maximal range of R 2 < P A P b /P a P B when D'=1. As shown by Figure 1 as the allele frequencies deviate from equality the association between the two loci quickly decreases. The power to detect associations depends strongly upon the allele frequencies at the causal locus and the linked locus.
The publication of Klein et al. (3) is particularly remarkable given the small sample size used in the study (96 cases and 50 controls) and the limited number of markers that were genotyped (116,204 with 105,980 analyzed). However, there are several contributing factors that helped to assure the success of this study. First, the genetic contribution in development of AMD is relatively strong for a complex disorder. The increased risk for first-degree relatives of individuals with AMD is 4.2 and this risk is increased to nearly 20 for late-onset AMD appearing in a relative of a case with late-onset AMD (9) . The relatively strong genetic contribution to AMD supports the application of genomic studies to identify risk factors.
A second factor that improved the power of this study was the consideration of only patients with a very carefully delineated clinical disease presentation. The patients were selected from the Age Related Eye Disease Study (10) and had to have both AMD as well as the presence of at least one large drusen > 125 μm in diameter and drusen in total covering a circle of diameter1061 μm in one eye. A feature that strongly impacts the power of an association study to detect a causal genetic factor is the presence of genetic heterogeneity. Genetic heterogeneity (h) in the case population due to either poor phenotype definition of the cases or variation in the allele associated with the disease has the effect of increasing the sample size requirement as a function 1/(1-h) 2 . Thus the careful phenotype definition used by this study helped to assure adequate power.
As described above, power to detect associations in a GWAS depends critically upon a high level of LD between the causal factor and the SNPs that are queried. After association to rs380390 was noted, data from the International HapMap was used to show that the CFH gene lies within a region showing LD to this SNP. Resequencing of the CFH exons identified a causal variant, which was found on 97% of the haplotypes that showed the strongest association of AMD. Thus, this study was fortunate to have included a SNP showing very strong LD with the causal variant so that the power to detect association was only minimally affected by not directly genotyping the causal variant. The current need for resequencing loci during disease discovery studies has been discussed by Taylor et al. (11) . Only a limited number of individuals were completely sequenced during the initial SNP discovery phases of the International HapMap project and many uncommon and rare SNPs in healthy subjects remain undiscovered. Taylor et al., (11) found that only about 50% of genes had adequate coverage by SNPs to allow haplotype frequencies to be adequately estimated, based only upon inclusion of SNPs from HapMap projects.
Finally, Klein et al., (3) were able to select from the AREDs control population, subjects that ethnically matched the cases. Increasingly, structure within racial groups is being recognized as a potential confounder for genome association studies. In order for ethnic background to create confounding, there must be differences among ethnic groups with respect to both the marker allele frequencies as well as the causal locus, which influence disease risk. Some diseases such as lung cancer incidences (12) and celiac disease (13) vary greatly in incidence across Europe. As an example of the confounding that can occur, Campbell et al. (14) showed a strong spurious association between height and the lactase allele that permits adult catabolism of lactase both of which show strong North/South European variations in allele frequency. To estimate Northern and Southern European ancestry, Seldin et al. (15) developed panels of 400 ancestry informative markers. Within genome-wide association panels, sufficient numbers of markers are genotyped to permit North/South European ancestry separation. Markers to allow for racial stratification within admixed populations such as African-American (16) (17) and Hispanic populations (18) have also been developed. However, studies of admixed populations can search for genomic regions showing an excess of alleles from one of the ancestral populations as an alternative mapping strategy (19) (20) .
Several approaches have been developed to estimate and then condition on unknown population stratification. Unobserved stratification in the sample causes the distribution of hypothesis tests for association to follow a non-central chi-squared distribution for which relatively simple adjustments can be applied (21) , but these may not be sufficiently sensitive to adjust for confounding effects which may vary among the markers being studied (22) . A Bayesian approach was developed to identify population structure (23) and then condition on it (24) (http://pritch.bsd.uchicago.edu/software.html). This approach provides insight into the latent stratification within a population but benefits greatly from some prior insight concerning the number of strata. Principle components analysis can identify factors that explain the most interindividual variability among the study subjects, thus providing an approach to adjust for latent population structure (25) . Finally, latent class analysis is a highly effective approach for jointly estimating stratification membership while concomitantly performing association analysis (26). Purcell et al., (27) developed user-friendly software that performs latent class analysis without respect to case-control status.
The report by Edwards et al. (4) to identify CFH as a causal factor for AMD used a candidate SNP approach. A genomic region showing evidence for linkage to AMD had previously been described. Therefore, Edwards et al. (4) only queried nonsynonymous SNPs with exons of genes that were known to reside within the linkage region. Roeder et al. (28) provided an approach for upweighting genomic regions that support evidence for linkage. Jorgenson and Witte (29) advocated querying primarily coding SNPs in genic regions to increase power because only those SNPs most likely to show a causal relationship to disease are queried. Unfortunately, a single most effective approach to correcting for the multiple tests that are required in GWAS has yet to be defined. The frequentist approach would correct for only those tests that have been performed so that candidate gene studies or restriction of analysis to coding SNPs or regions under linked regions increases power because a less severe correction for multiple testing is required. A Bonferroni or Sidăk correction can be applied, but because this correction does not allow for correlation among the tests it is often conservative. False discovery rate procedures are not generally as conservative but also have difficulty in adjusting for strong correlations among the tests. Permutation testing approaches have been developed (30) (31) and can appropriately allow for correlation among the tests. The HapMap Consortium has proposed that GWAS adjust for the total number of independent tests, which is projected to require p< 5.6 x 10 -8 for Caucasians and p<2.4 x 10 -8 for Yorubans.
The final manuscript (5) identifying CFH as causal for AMD used a familybased design initial discovery followed by confirmatory analysis using a larger collection of independent cases and controls. Family based designs provide a valuable tool for association studies because they can condition on familial ethnic background, thus eliminating potential biases from confounding. They also can be used to check for nonfaithful segregation of alleles which reflects effects from copy number variation. Copy number variations have been increasingly associated with some human diseases such as autism (32) . Haines et al. (5) also demonstrates the considerable gain in power that can be achieved by sampling through probands that have affected siblings as was originally noted by Risch and Merikangas (33) and has subsequently been noted in additional studies (34) . Although about twice as many independent case-control samples were analyzed as independent sib-pairs, the significance level achieved by either group was comparable. In figure 2, I present a depiction of the power to detect associations using either cases sampled without respect to family history versus cases selected to have a family history. One can see a dramatic improvement in power when cases are selected on the basis of a positive family history because there is enrichment for genetic causes of disease.
Case Study 2 -The identification of novel genetic factors for type II diabetes.
Recently several large genome-wide association studies have been presented, documenting the strength of these approaches to unravel the etiology of complex diseases. Scott et al., (35) provide a particularly well conducted study that reflects advances in the design and conduct of GWAS. In this analysis of the Finnish U.S. Investigation of NIDDM (FUSION), a multi-stage design was implemented to improve the power to detect associations by using all of the available data while reducing cost. The initial stage of the GWAS used data from 1215 Finnish Type II diabetics (T2D) who had undergone extensive quantitative phenotyping studies and 1161 Finnish normal glucose tolerant controls. This stage used an Illumina Human Hap300 Bead Chip. Alleles at an additional 1.7 million markers that are in LD with those that were directly genotyped were inferred from the tagging SNPs that were genotyped. Sophisticated programs to infer ungenotyped markers have been developed (36, 27) and methods described by Scott et al. (35) are further developments. The inference of these markers permitted an integration of the data from this study with a parallel study being conducted by the Wellcome Trust Case Control Consortium (WTCCC) (37) which replicated its findings using data from the Diabetes Genetics Initiative (DGI) and which used the Affymetrix GeneChip Human . A joint analysis was conducted by Scott et al. (35) using data from the Fusion Stage I and WTCCC studies to identify a panel of 82 markers to be further genotyped using an additional 1215 Finnish cases and 1258 controls. Analyses were conducted using data from both stages of analysis as well as from the analyses conducted by the WTCCC and DGI. Results from the FUSION only stages significantly implicated only a SNP in TCF7L2, which had previously been identified. Results from the WTCCC and DGI jointly analyzed significantly implicated the FTO and DKAL1 which are novel findings. However, joint analysis of all of the data showed significant associations with FTO, CDKAL1, HHEX, CDKN2B, IGF2BP2, SLC30A8, TCF7L2 and KCNJ11. The choice by Zeggini et al. (37) to study a broader set of markers in the confirmation study appears to have provided an opportunity for more SNPs to reach significance, and indicate the very limited set of markers studied by Scott et al. (34) in the second phase may have lead to missing some significant associations. The stochastic characteristic of SNP detection that requires being more inclusive for second stage genotyping has been noted by other groups performing GWAS for complex diseases (39) . Methods f or the design of multistage studies have been described (38, 40) , and these usually require that a substantial percentage (1-10%) of markers are retained from the first to the second stage of analysis. Factors that argue for a single stage of genotyping include much higher costs in the second stage and the study of multiple traits, otherwise a two-stage design is costefficient.
Results from these combined analyses show that no single SNP is associated with odds ratios exceeding 1.4 so that only by combining data from multiple studies could a reliable signal be obtained. An adverse collection of multiple SNPs can identify a subset of individuals who are at approximately 4 fold increased risk for type II diabetes, but this level of risk does not yet provide very meaningful risk prediction. However, the identification of novel genes involved in the pathophysiology of Type II diabetes should provide new insights into the biology of this complex disease. The FUSION study has collected extensive quantitative information on risk factors relating to type II diabetes. As novel risk factors are identified, their impact upon these quantitative factors can be assessed to provide information about the physiological mechanisms.
Conclusion:
Genome wide association studies have become an extremely valuable tool for unraveling the etiology of complex diseases. In this review, I have characterized some of the features of published, successful GWAS. Factors that increase the likelihood of success include the study of diseases or more narrowly defined phenotypes that show a strong component of risk, the study of cases with a family history of disease, and the study of ethnically homogenous populations. Studies in the U.S. and other potentially stratified populations can adjust for the stratification by using appropriate analytical tools. The actual associations that can be detected by GWAS of complex diseases are expected to be relatively weak and these are further attenuated by incomplete linkage disequilibrium between the markers that are queried and the causal factors. In order for GWAS to be successful, it is anticipated that large sample sizes will generally be required, typically comprising at least several thousand cases and controls for more complex diseases like type II diabetes and breast cancer that show only moderately increased risks to siblings. Despite challenges in managing very large collections of samples and data, the promise from large scale GWAS are being realized and will present new insights into the biology of complex diseases. 
